Background Genetic studies have indicated a high prevalence of mutations for hereditary haemochromatosis (HH) in Irish populations. Given the high cost of genetic screening and the ethical implications thereof, we assessed the role of transferrin saturation (TS) as a primary screening test for HH in an Irish population seeking medical care.
Introduction
Hereditary haemochromatosis (HH) is an autosomal recessive disorder of iron metabolism. 1 It is one of the most common hereditary metabolic diseases in Caucasians, particularly those of Northern European descent, a¡ecting one in every 200 -300 individuals. 2 It is characterized by an increase in intestinal absorption of iron, resulting in deposition of iron in the parenchymal cells of the liver, heart, pancreas and other organs, 3 which, if untreated, can lead to subsequent complications, such as hepatic cirrhosis, arthritis, cardiomyopathy and diabetes. 4 In 1996, Feder et al. 5 discovered two mutations in the gene associated with HH (now called the HFE gene). 6 These mutations are the missense mutation C282Y, which is found in 80 -100% of cases of HH, and the H63D mutation whose role in the disease is not so signi¢cant. 5, 7 A recent study of Irish neonates found 1% to be homozygous for the C282Y mutation, with 4% compound heterozygotes (C282Y/H63D). 8 An allele frequency of 11% for C282Y was reported, which is one of the highest worldwide. 8 A¡ected individuals who are diagnosed and treated at an early stage, before the onset of diabetes or cirrhosis, are less symptomatic and have an improved life -expectancy. 9, 10 Treatment ¢rst described in 1952 has changed little, and consists of a programme of therapeutic phlebotomy to remove the excess iron. 11 HH would therefore seem to be an ideal candidate for population screening. However, there is still debate as to whether screening is bene¢cial, 12 which populations would bene¢t and which type of screening is most e¡ective. 13, 14 Population screening has not yet been recommended in Europe, and a consensus panel has found that, if population screening were introduced, it would be in the absence of good evidence of a favourable bene¢t. 15 However, the College of American Pathologists has recommended that all adults over 20 years of age should be screened for iron overload,
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initially by a transferrin saturation (TS) test, followed by con¢rmatory tests if the TS is elevated. 1 There have been a number of Irish studies on HH, mainly to determine the prevalence in the Irish population. 8, 16, 17 These have all used genetic screening and, given the high prevalence found, some would advocate population screening in the future. However, genetic screening is expensive 18 and is usually only performed in larger centres where the expertise and facilities are available. Before the discovery of the HFE gene, the TS test was considered the single most reliable screening test for haemochromatosis 19, 20 and is still the most sensitive phenotypic test. 21 It is inexpensive, easy to perform and is available in most routine clinical chemistry laboratories. Because there is no screening programme for HH in Ireland, and given the high prevalence of HH and the high cost of genetic screening, phenotypic screening using TS may be a better alternative. The aim of the present study is to assess the role of TS as a screening test for HH in an Irish population seeking medical care.
Subjects and methods
Three hundred and thirty consecutive fasting blood specimens, received in the laboratory for routine screening tests over a 2-month period, were included in the study. A total of 24% of the specimens were from inpatients (mainly elective surgery cases), 27% from outpatients and 49% were patients of general practitioners.
Iron, unbound iron-binding capacity (UIBC), alanine aminotransferase (ALT), g-glutamyltransferase (GGT) and C-reactive protein (CRP) were measured for each specimen using a Roche Integra 700 (Roche Diagnostics Ltd, Lewes, UK). Iron was measured using the Roche FerroZine method without deproteinization; the between-batch percentage coe¤cient of variation (%CV) was 1Í1 at 19Í7 mmol/L. The UIBC was also measured using the Roche FerroZine method (between-batch %CV of 3Í2 at 25Í7 mmol/L). Total iron-binding capacity (TIBC) was calculated from iron and UIBC results (Iron+UIBC=TIBC). TS was calculated using the formula [(Iron/TIBC)6100]. Ferritin was measured by a sandwich immunoassay using chemiluminescence technology on an ACS 180 Plus analyser (Bayer plc, Newbury, UK). The betweenbatch %CV for ferritin was 4Í3 at 137 mg/L. Liver function tests (LFTs) were used to assess whether liver damage had occurred when iron overload was detected. CRP results were used to rule out raised ferritin due to infection rather than iron overload. Although these tests were carried out on all patients included in this study, this would be unnecessary in general screening. Instead, cascade testing could be used^i.e. when a patient is found to have abnormal TS results, LFTs, ferritin and CRP could be assayed.
Data, including age, sex and diabetic status, were recorded for each patient to whom a unique study number was assigned. A total of 22% of the fasting specimens received were from diabetics. Because diabetes is a known complication of HH, a patient's diabetic status was noted to see if a higher prevalence of HH was present in the diabetic groups.
Blood samples from patients with a raised TS were genetically screened for the C282Y and H63D mutations in the HFE gene when suitable samples were available. The method used to detect the HFE mutations was a multiplex polymerase chain reaction, with appropriate £uorescence-labelled oligonucleotide hybridization probes, on a LightCycler (Roche Diagnostics Ltd) as described by Mangasser-Stephan et al. 22 Melting curve analysis of the ampli¢cation products was then used for genotyping, with each genotype having a unique curve. 22
Transferrin saturation
Reported cut-o¡s for TS from di¡erent studies have ranged from 45% to 70%. 14, 23, 24 McLaren et al. used a cut-o¡ of 45% for TS, giving a sensitivity of 98% and a speci¢city of 100%. 25 To establish a valid cut-o¡ for TS in our study, a search of the laboratory database was made for previous haemochromatosis genetic screen requests. Genetic results for 85 patients (59 men, mean age 50Í6 years; 26 women, mean age 51Í0 years) were found. TS values for all of these patients were calculated retrospectively, using the results of iron studies. These results were used, together with the results of the genetic tests, to measure the sensitivity and speci¢city of the TS test in screening for HH (these are presented in Table 1 ).
A TS cut-o¡ value of 45% gave a test sensitivity of 100%, with a speci¢city of 72Í7%. The speci¢city was increased by raising the cut-o¡ value, or by using a combination of TS values and ferritin, but this resulted in a loss of sensitivity. HH is a serious, but treatable, disease, and it was felt that 100% sensitivity is preferable; 26 therefore, a cut-o¡ of 45% was adopted for this study. The results were obtained from previously screened patients in the laboratory database. TSˆtransferrin saturation.
Ethical considerations
This study was approved by the Ethics Committee of Portiuncula Hospital. Specimens for genetic screens were sent to an outside laboratory. Study numbers only were used to identify these patients, so their genetic screens were performed anonymously. Results from the genetic screen were only recorded by study numbers and were not recorded in the hospital database.
Statistical analysis
Statistical analyses were performed using the Minitab software package. Means, standard deviations (SD) and ranges were calculated using descriptive statistics. TS values were compared between groups using the Student's t-test.
Results
A summary of the study results is given in Table 2 . A total of 330 patients were included, 149 men, mean age 56Í5 years (SDˆ14Í8), and 181 women, mean age 61Í8 years (SDˆ14Í3). The distribution of TS is shown in Fig. 1 . The mean values of TS for men (33Í0%, SDˆ13Í3%) was signi¢cantly di¡erent from women (26Í8% SDˆ13Í3%, P50¢05). There was no signi¢cant di¡erence (P40Í05) between female diabetics and non-diabetics and between male diabetics and non-diabetics. The mean ferritin concentration for all men studied was 184 (SDˆ141 mg/L, range 7Í0-914) and mean ferritin for women studied was 122 (SDˆ179¢3 mg/L, range 5¢0^1345). Transferrin saturation values ranged from 2^76% for men and 3^94% for women.
A total of 26 patients had TS values greater than 45%; these were sent for genetic screening if an EDTA specimen was available. An EDTA specimen was not available for ¢ve patients; thus, 21specimens were sent for genetic screening. DNA was extracted successfully from 20 specimens, one being unsuitable. Genetic results were available for 20 patients who had a TS value greater than 45%. None of these patients had an abnormal CRP value. The pro¢le for each of these patients is shown in Table 3 .
Overall, there were three C282Y homozygotes and one compound (C282Y/H63D) heterozygote. The prevalence of C282Y homozygotes in this population was thus 3 in 324 (0Í93%); the prevalence of compound heterozygotes was 1 in 324 (0Í3%). The C282Y homozygotes were two female patients and one male patient. All these patients had TS values greater than 70% and raised ferritin values. Neither of the women had abnormal LFTs, but the man had mildly raised ALT and GGT levels. The compound heterozygote was a man who had abnormal LFTs.
Discussion
The prevalence of C282Y homozygotes in the study population was found to be 0Í93%. This is higher than the published prevalence of C282Y homozygotes in Northern Europe (0Í3-0Í5%) 2 and in the UK (0Í7%), 27 but is similar to that found in a recent genetic study of 800 Irish neonates (1% C282Y homozygotes). 8 Other studies of Irish populations have estimated a homozygote frequency of 1Í96% 16 and 1%, 28 but these numbers were based on estimates calculated from the prevalence of C282Y heterozygotes. Although a study 17 of 187 Irish blood donors showed an apparent C282Y homozygote prevalence of 2Í1%, this was based on a relatively small population compared with the neonatal group mentioned above. The prevalence of 0Í93% found in this study is similar to the 1% prevalence found in the neonatal study, indicating a high penetrance of the gene in the study population. It would have been interesting to further assess the homozygotes and heterozygotes for clinical signs and symptoms of HH, but this was not possible because the design of the study was anonymous. Some homozygotes may possibly have been missed, due to false negatives, if any of the non-expressing C282Y homozygotes had TS values less than 45%.
However, McLaren et al. predicted that a fasting TS value of 45% or higher would identify 98% of individuals who are C282Y homozygotes but no normal subjects. 25 In contrast to McLaren's ¢ndings, there were normal subjects with TS values greater than 45% among the previously screened patients in our database as well as in the patients included in this study. This concurs with the ¢ndings of Olynyk et al., who also found normal individuals with TS values greater than 45%. 29 Their ¢ndings of 0Í5% of normal individuals with a TS value greater than 45% is lower than the 2Í1% found in the present study. Altogether, 8Í2% of patients from our database who were genetically normal had an increased TS, but this may be because these were not fasting TS results. It is recommended that, if a patient has a raised TS value, a repeat test should be carried out on a fasting sample. 30 Overall, in the present study, there were 16 patients with a raised TS who were neither C282Y homozygotes nor compound heterozygotes. If the TS cut-o¡ value is increased to 60%, the number of patients in this category is reduced to three. Interestingly, these three patients are all C282Y heterozygotes. It has been reported that C282Y heterozygotes tend to have higher TS values than the normal population, but lower than homozygotes. 25, 31, 32 Previous studies have also found increased TS levels associated with alcohol consumption. 19, 29 However, information on the alcohol intake of the patients in this study was not 299  M  47  N  47  54  60  24  51  27  148  1¢4  Normal  140  M  40  Y  48  19  7  21  44  23  93  2¢5  Normal  294  M  41  N  48  44  42  31  64  33  164  1¢8  H63D+  62  M  53  Y  48  47  94  32  67  35  171  2¢4  H63D++  36  M  54  N  49  41  35  24  49  25  371  5¢9  H63D++  39  M  52  Y  49  48  55  25  51  26  308  9¢2  H63D++  129  F  77  N  49  26  26  25  51  26  103  1¢3  Normal  285  M  -Y  49  47  46  31  63  32  200  0¢9  C282Y+  57  M  67  Y  51  32  44  24  47  23 available. As Ireland has a high prevalence of C282Y heterozygotes, this may also contribute to a higher false positive rate. It has been recommended that appropriate local reference values for screening for iron overload be established, as signi¢cant regional variations occur due to environmental and genetic factors. 19 There were no homozygotes with TS values between 45% and 60%, so increasing the cut-o¡ to 60% should not markedly decrease the sensitivity of the test although it would increase the speci¢city. Although 45% was adopted as the cut-o¡ value for TS in this study, in the light of the results, a higher level may be appropriate for screening purposes. Patients with TS values between 45% and 60% could be rescreened at a later date. Alternatively, ferritin could be used in conjunction with TS, as this would increase the sensitivity (see Table 1 ). As TS values are higher in men than in women, it might also be appropriate to use a lower cut-o¡ point for women when selecting patients for genotyping, although all homozygotes in this study had TS 460%. Even if the TS test misses some C282Y homozygotes, it is not as important to ¢nd them all as it is to ¢nd those expressing iron overload. This is one of the advantages of using initial phenotypic screening tests and then con¢rming the results by genotyping.
There was only one (0Í3%) compound heterozygote (C282Y/H63D) with iron overload found in this study, whereas a study using genetic screening found a prevalence of 4% in the Irish population. 8 This concurs with the view that there is a low penetrance associated with this genotype. 33 Of the known diabetics included in this study, none were found to be C282Y homozygotes. This ¢nding would support the ¢ndings of Ferandez-Real et al., who reported that the frequency of the C282Y mutation is the same in patients with type 2 diabetes as in control subjects. 34 A recent study in the UK measured TS only on specimens with raised ALT, and found a much lower prevalence of HH than expected. 27 However, two of the genetically positive patients in the present study had normal ALT while the male homozygote had a raised ALT. These results are similar to those of George et al., 35 who found that only 48% of their patients had raised ALT; therefore, pre-selecting specimens with raised ALT will reduce the usefulness of the screening test.
Family screening is recommended, particularly in siblings, when patients are found to be homozygous. 36 Patients who are C282Y homozygotes, or compound heterozygotes and have a raised TS but a normal ferritin, should be monitored annually with iron studies. 29 Treatment is commenced when the ferritin concentration rises above the reference range. 29 As shown in this and other studies, 8, 16, 28 Ireland has one of the highest ¢gures for C282Y homozygosity worldwide. In the absence of population screening in Ireland, opportunistic screening would be useful. As pointed out by George et al., 37 individuals (such as diabetics) who are already having blood tests are more likely to present themselves for a haemochromatosis screening test than an asymptomatic individual from the general population. A TS value is readily obtained from the same blood specimen using the same instruments as those used for lipid screening and analysed at very little extra cost. Although there are those who would advocate genetic screening, this has a number of disadvantages, as pointed out earlier. It is more expensive: 63¢50 per test compared with 1Í61 for TS and 3Í40 for ferritin as used in this study. There are also ethical implications inherent in genetic testing, particularly as the patient may not go on to develop the disease. Genetic screening will only detect patients with HFE -associated haemochromatosis, whereas phenotypic screening detects all forms of iron overload. An additional advantage of phenotypic screening is that it not only detects iron overload but will also detect patients with anaemia. 38 A TS value less than 15% is indicative of iron de¢ciency and these patients should be further evaluated. 38, 39 In the present study, 15 patients (three men and 12 women) had TS values 515% and ferritin 520 mg/L, indicating that 2Í0% of the men and 6Í6% of the women had iron de¢ciency.
There is no large published study of the phenotypic expression of the C282Y gene in Ireland; such a study would be useful in determining the necessity for population screening. Given the results of the present study, it seems that TS could play a major role as a screening test for HH in Ireland. A study by Bacon and Sadiq 3 has shown that TS, if included in general biochemistry screening panels, would detect patients expressing iron overload before symptoms occurred. Patients thus identi¢ed by screening have been shown to have less severe clinical, biochemical and pathological ¢ndings than patients who have in the past been identi¢ed by symptoms and signs of the disease. 3, 18 Opportunistic screening would therefore greatly improve the prognosis of a¡ected individuals. Patients identi¢ed by a raised TS value while LFTS and ferritin concentrations are still normal are unlikely to have organ damage. 40 Ferritin concentrations can then be monitored and treatment commence before any serious damage occurs. 40 
